Introduction
Wolbachia endosymbionts are abundant in arthropods, where they promote a variety of reproductive manipulations, including feminization of genetic males, parthenogenesis and cytoplasmic incompatibility. Wolbachia is also present in filarial nematodes and has recently attracted a great deal of attention. This chapter reviews the studies so far published and discusses potential implications and future research prospects. Since this is a relatively young field, the chapter will also refer to unpublished studies and will include some speculation. The aim is to stimulate further work on the subject.
The Discovery and Rediscovery of Intracellular Symbiosis in Filarial Nematodes
At the beginning of the 1970s, ultrastructural investigations on the embryogenesis and fertilization of nematodes led to the observation of bacteria-like bodies in the oogonia, oocytes and embryos of the filarial nematode Dirofilaria immitis (Harada et al., 1970; Lee, 1975) . The bacterial nature of these bodies was fully recognized in 1975 and the presence of similar bacteria was reported for other filarial species, including Brugia malayi and B. pahangi (McLaren et al., 1975; Vincent et al., 1975) . Detailed studies on the tissue distribution and transovarial transmission of the bacteria of B. malayi and Onchocerca volvulus were then published (Kozek, 1977; Kozek and Figueroa, 1977) . The possible implications of the presence of intracellular bacteria in filarial worms were fully recognized by the authors of these pioneering studies. The suggestion by Kozek (1977) that 'the possibility that the organisms within B. malayi cause some of the clinical symptoms and signs currently attributed to the worm warrant further detailed investigations' is particularly remarkable. Intracellular bacteria have subsequently been observed during studies on the ultrastructure of filarial nematodes (e.g. Franz and Andrews, 1986; Franz and Copeman, 1988) but until recently no investigations have been focused on these bacteria. The bacteria within D. immitis have been identified as members of the alpha proteobacteria (Bandi et al., 1994) and have been shown to be closely related to the arthropod endosymbiont Wolbachia (Sironi et al., 1995) . Wolbachia endosymbionts are now known to be widespread among filarial nematodes, with ten species showing the infection out of the 11 so far examined Genchi et al., 1998; Henkle-Duhrsen et al., 1998) .
Background Information on Bacterial Symbiosis in Invertebrates
Intracellular symbiosis is extremely widespread in invertebrates. For example, mutualistic symbioses with intracellular bacteria can be found in almost all animal phyla, including sponges, cnidaria, nematodes, anellids, mollusca and arthropoda. Buchner (1965) thoroughly reviews most information published on bacterial symbiosis in animals up to 1964. After this monumental work, various reviews on more specific subjects have been published (e.g. Baumann, 1998 , and references therein) including some recent reviews on Wolbachia Werren, 1997) . In most of these papers, the term symbiosis is apparently used with a broad meaning: the intracellular bacterium is usually referred to as an endosymbiont even in the absence of data on effects on host fitness. Here only key points on intracellular symbiosis and Wolbachia will be summarized, so as to put the information available on symbiosis in filarial nematodes into a broader context.
Phylogenetic positionings of Wolbachia and other intracellular bacteria
Based on 16S rDNA analysis (Olsen and Woese, 1993) , a dozen main lineages have been described for the eubacteria, and at least four of these lineages have been shown to include intracellular bacteria: the proteobacteria, the chlamydiae, the Gram-positives, and the flavobacteriabacteroides . The proteobacterial group encompasses various lineages of intracellular symbionts, which are thought to have acquired their respective intracellular niches independently. For example, the beneficial symbionts of aphids have been assigned to the gamma proteobacteria , while Wolbachia has been placed into the alpha 2 subclass of the proteobacteria as a member of the Rickettsiales, one of the most typical families of intracellular bacteria (O'Neill et al., 1992) . Within this group, Wolbachia has been shown to be closely related to the genera Anaplasma, Cowdria and Ehrlichia.
Wolbachia, vertical transmission, mutualistic symbiosis and reproductive parasitism
Wolbachia is maternally transmitted to offspring in both arthropods and filarial nematodes. Paternal transmission of Wolbachia is thought to be rare in insect populations. Further investigations are required to confirm whether this is also the case in filarial nematodes (see later). The survival and reproduction of vertically transmitted endosymbionts is tightly linked to the survival and reproduction of its host. It is thus generally thought that vertically transmitted symbionts will increase their fitness by evolving mutualistic interactions with the hosts (Yamamura, 1993) . A classic example of mutualistic symbiosis is found in aphids, where bacterial endosymbionts provide the host insect with essential amino acids . Inherited bacteria may also increase their fitness by manipulating host reproduction (reproductive parasitism: Hurst and Majerus, 1993; Werren and O'Neill, 1997) . Reproductive parasites include those maternally transmitted microorganisms that are able to induce sex-ratio distortions toward females. For a maternally transmitted endosymbiont, increasing the proportion of females in the host population is a fairly obvious way to increase its fitness. In arthropods, Wolbachia determines sex-ratio distortions through parthenogenesis, feminization of genetic males or death of male embryos (Stouthamer et al., 1990; Bouchon et al., 1998; Hurst et al., 1999) .
A further kind of reproductive alteration determined by Wolbachia in arthropods is cytoplasmic incompatibility (CI). In CI, reduced fecundity is observed when infected males mate with uninfected females, or after matings between individuals harbouring different compatibility types of Wolbachia (bi-directional CI). Bi-directional CI may create reproductive barriers, which would prevent population fusion and possibly promote speciation (Werren, 1997) . CI could derive from some kind of Wolbachiainduced modification of spermatozoans (e.g. through a 'sterilizing toxin') which is rescued in eggs harbouring Wolbachia (e.g. through an 'antitoxin'). In other words, Wolbachia is able to sterilize those females that do not carry Wolbachia. In populations harbouring CI-inducing Wolbachia, the fitness of uninfected females is thus lower than that of infected ones. Maternally transmitted bacteria with the ability to reduce the fitness of uninfected females should spread in the host populations (Fine, 1978) . Field experimental evidence from populations of Drosophila simulans confirms this prediction (Turelli and Hoffmann, 1991) . Wolbachia is also present in various insects where its effects (if any) are not known. In addition, a Wolbachia has been described that is pathogenic to fruit flies (Min and Benzer, 1997) .
Distribution of Wolbachia in arthropods
Wolbachia is estimated to occur in around 20% of insect species, as well as in mites and isopod crustaceans (Werren, 1997) . Despite its widespread distribution among arthropod families, Wolbachia is patchily distributed within families and populations. Phylogenetic analyses of arthropod Wolbachia using 16S rRNA, ftsZ, GroEL and Wolbachia surface protein (wsp) genes have provided further insights into the evolutionary dynamics of Wolbachia infection in arthropods: host and bacterial phylogenies are discordant, suggesting horizontal transmission (O'Neill et al., 1992; Werren et al., 1995; Masui et al., 1997; Zhou et al., 1998) . Evidence for horizontal transmission also comes from studies on host-parasitoid systems and from the fact that individual insects have been found infected by distantly related wolbachiae (Werren, 1997) . These distribution and phylogenetic patterns are consistent with theoretical models on the population biology of a bacterium inducing CI: both sweeps of new compatibility types and losses of infection are expected to occur in the host populations. New compatibility types could thus invade already infected populations promoting some inconsistency of the host-symbiont phylogenies. On the other hand, once Wolbachia has become fixed within a population, selective pressures for maintaining the ability to modify sperm should become lower. This could be followed by the loss of the sterilizing trait and, finally, by the loss of the infection (Hurst and McVean, 1996) .
Distribution of Wolbachia in Filarial Worms
Within the body of filarial nematodes, intracellular bacteria have been observed by electron microscopy in the lateral cords of both males and females. Within the cell cytoplasm, the bacteria are in membrane-bound vacuoles. In some cases, the cytoplasm of lateral cord cells is filled by bacteria: these bacteria-filled cells resemble in some ways insect bacteriocytes . In female worms, bacteria are present also in the oogonia, oocytes, developing embryos and in the cell layer surrounding the oviduct (McLaren et al., 1975; Kozek, 1977; Kozek and Figueroa, 1977; Taylor et al., 1999) . Bacteria have also been observed in microfilariae and in second-, third-and fourth-stage larvae (Kozek, 1977) . The presence of bacteria in the male reproductive system has not yet been recorded. More recently, antibodies directed against bacterial catalase and GroEL have been used for immunohistochemical staining of bacteria in filarial nematodes (Henkle-Duhrsen et al., 1998; Hoerauf et al., 1999) . The staining of the lateral cords and of the female reproductive tract supports previous EM observations on the tissue distribution of filarial bacteria. It is not yet clear whether other bacteria in addition to Wolbachia are present in the body of filarial worms. However, direct sequencing of 16S rDNAs amplified using universal eubacterial primers produced unambiguous Wolbachia sequences from both D. immitis and B. pahangi (Sironi et al., 1995; Bandi et al., 1999) . In addition, cloned 16S rDNA PCR products obtained from B. pahangi were all found to be Wolbachia sequences . These results suggest that Wolbachia is the only (or at least the dominant) bacterium in the body of these nematodes.
Out of the 11 species of filarial nematode so far examined, Wolbachia has been detected in ten species (Table 2 .1). The presence of Wolbachia in these ten species has been revealed by PCR followed by sequencing of the amplified products (Sironi et al., 1995; Bandi et al., 1998; Genchi et al., 1998; Henkle-Duhrsen et al., 1998) . That all the Wolbachia sequences obtained from the ten different species were different rules out the possibility that contaminating PCR products were sequenced. In addition, the results of PCR analyses on the presence/absence of Wolbachia in filarial nematodes are consistent with the EM data on the presence/absence of intracellular bacteria (Table 2 .1). Indeed, the species in which Wolbachia has not so far been detected -Acanthocheilonema viteae -was also recorded as not harbouring intracellular bacteria in previous EM studies (McLaren et al., 1975) . It is uncertain whether A. viteae is naturally Wolbachia-free or whether symbionts were lost during laboratory maintenance of the strains. The phylogenetic position of A. viteae is also uncertain and other species of the genus Acanthocheilonema have not yet been examined for the presence of Wolbachia. If the lineage leading to Acanthocheilonema is ancestral to the Wolbachia-infected lineages, this would help to establish when Wolbachia first infected filarial worms (Casiraghi et al., 2001) . On the other hand, if A. viteae has infected ancestors, this would suggest that loss of Wolbachia has occurred in the course of filarial evolution. These questions illustrate the need for robust phylogenies of filarial nematodes for understanding the evolution of Wolbachia symbiosis.
Exhaustive surveys have not been carried out to determine the prevalence of infection within a single species of filarial nematode. However, infection was found in all eight specimens of D. immitis collected from worldwide locations, indicating that infection prevalence is likely to be close to 100% (Sironi et al., 1995) . Sequences of Wolbachia ftsZ genes from these D. immitis specimens were extremely conserved, with only two synonymous changes in the ftsZ sequence from a nematode specimen from Cuba relative to the specimens from the other locations . More recently, further specimens of D. immitis and Dirofilaria repens from different Italian locations have been shown to harbour Wolbachia, and their ftsZ and wsp sequences have been shown to be identical (Bazzocchi et al., 2000a;  T.J.C. Anderson, C. Bandi, C. Bazzocchi and G. Favia, 2000, unpublished results) . Similarly, in the cattle filaria Onchocerca ochengi, Wolbachia prevalence has been shown to be 100% (Langworthy et al., 2000) . In D. immitis, all males and females so far examined have been found to be infected Kozek and Figueroa (1977) ; 12 Franz and Buttner (1983) ; 13 Franz et al. (1984) ; 14 Kozek and Raccurt (1983) ; 15 Kozek (1977) ; 16 Vincent et al. (1975) . Immuno-histochemical staining of intracellular bacteria in filarial nematodes has been obtained using antibodies against GroEL and catalase (Henkle-Duhrsen et al., 1998; Hoerauf et al., 1999) ; the specificity of these antibodies is unknown, but it is expected to be low because both GroEL and catalase show high level of amino acid conservation throughout the proteobacteria. nd = not done. (Sironi et al., 1995) . In surveys of the human parasite B. malayi, Wolbachia was detected by PCR in all females and in 25% of males (Taylor et al., 1999) . Re-analysis of male worms using a nested PCR revealed that all individual male worms were infected .
Phylogeny of Wolbachia in Filarial Worms
Phylogenetic relationships among Wolbachia from filarial nematodes and from arthropods have been examined through the analysis of ftsZ, wsp and 16S rRNA genes. Four main Wolbachia lineages have been described: A and B (from arthropods: Werren et al., 1995) and C and D (from nematodes: Bandi et al., 1998; Bazzocchi et al., 2000a) . Figure 2 .1 shows the relationship between nematode wolbachiae and representative arthropod Werren et al. (1995) and by Bandi et al. (1998) . The names at the terminal nodes are those of the host species. The tree is based on the ftsZ gene sequence alignment used by Bandi et al. (1998) . The tree was obtained using a distance matrix method (Jukes and Cantor correction; neighbour-joining method).
wolbachiae. The main conclusions of phylogenetic analysis of filarial wolbachiae are set out below.
Interphylum transmission
The phylogenies based on ftsZ, wsp and 16S rDNA are star-like, with deep splits between the four main lineages. Wolbachia from Dirofilaria spp. and Onchocerca spp. form the C lineage, while bacteria from B. malayi, Wuchereria bancrofti and Litomosoides sigmodontis form the D lineage. The evolutionary split between C and D lineages was estimated to have occurred about 100 million years ago . Similarly, the level of nucleotide divergence between both C and D clusters with A and B clusters suggests a divergence date approximately 100 million years ago. These estimations are very approximate, but strongly suggest that recent horizontal transfer has not occurred between arthropods and nematodes. However, the date of the split between arthopods and nematodes (> 600 million years ago) clearly predates the split between the lineages of Wolbachia infecting nematodes and arthropods. As such, it is clear either that interphylum transmission occurred at some point in the past or, alternatively, that both arthropods and nematodes were infected from a third source.
Is Wolbachia monophyletic?
One aim of the phylogenetic work was to resolve whether arthropod or nematode wolbachiae are ancestral. It has proved difficult to resolve the sister group relationships between the four major lineages of Wolbachia using ftsZ, wsp and rDNA data sets, although a recent study has provided weak evidence for the monophyly of nematode wolbachiae (Casiraghi et al., 2000) . Two factors may hamper the clear resolution of the relationship between the four groups. Firstly, the outgroup taxa used (Anaplasma marginale, Ehrlichia spp., Cowdria spp.) are relatively distant from Wolbachia (unfortunately, no more suitable outgroup taxa are known). Secondly, the sequences may be evolving too rapidly for analysis of ancient divergence events. Analysis of more slowly evolving sequences will be required to resolve this question.
Horizontal transmission of Wolbachia between nematodes
Comparison of host and symbiont phylogenies is a powerful method for assessing the occurrence and frequency of horizontal transmission (Moran and Baumann, 1994) . There are limited sequence data available for assessing the phylogeny of filarial nematodes. Comparison of Wolbachia phylogeny with the available molecular phylogenies (Xie et al., 1994; Casiraghi et al., 2001 ) and a morphology-based classification (Anderson, 1992) of filarial nematodes does not provide evidence for discordance: all phylogenetic relationships which are well established for the host nematodes hold for the symbionts. Thus, the phylogenetic data suggest long-term association between filarial nematode and Wolbachia and strict vertical transmission. However, the host nematode phylogeny is currently poorly resolved and the number of Wolbachia/nematode associations examined is as yet quite small, so this conclusion should be viewed with caution. In particular, further data are needed to assess critically the correct placement of the genera Acanthocheilonema and Litomosoides Casiraghi et al., 2001 ).
Should Nematode Wolbachia Behave Differently from Arthropod Wolbachia?
The reproductive manipulations used by Wolbachia in arthropods are thought to be related to the uniparental mode of transmission. Unlike insects, which have flagellated sperm containing relatively little cytoplasm, many nematodes have large amoeboid sperm, which contain multiple mitochondria and may transmit significant numbers of Wolbachia (Scott, 1996) . If there is a significant paternal component to transmission, then CI, feminization, parthenogenesis induction and male killing are rather unlikely to have evolved in nematode Wolbachia. Experimental crosses between B. pahangi and B. malayi have demonstrated Wolbachia transmission through female worms only (Taylor et al., 1999) . In addition, electron microscopy studies have not provided evidence for the presence of Wolbachia in sperm (Lee, 1975; Kozek, 1977) . However, further studies are necessary to exclude the possiblity of significant paternal transmission. In view of the diversity of reproductive effects induced by arthropod Wolbachia, it would not be surprising if Wolbachia behaves in different ways in different filarial nematodes. The C and D Wolbachia groups are estimated to have diverged approximately 100 million years ago (see earlier). Given this fact, it is quite possible that Wolbachia in different lineages have followed different evolutionary trajectories.
The Wolbachia-Filaria Relationship: an Obligate Mutualism?
Antibiotic 'curing' experiments provide a powerful approach in investigating endosymbiont effects on host biology and have been widely used in work on arthropod Wolbachia. A number of such experiments have been inadvertently conducted on filarial worms, in the course of testing the effects of antibiotic treatments on these nematodes. As early as 1973, the bacteriostatic drug tetracycline was shown to have prophylactic effects against the infection of the experimental mammalian host (the gerbil) by two filarial species, B. malayi and L. sigmodontis (for a retrospective discussion of this study, see McCall et al., 1999) . This study also showed that tetracycline is ineffective against A. viteae, which is now known not to harbour Wolbachia. Subsequently it has been shown that tetracycline inhibits larval development in mosquitoes (Sucharit et al., 1978) and production of microfilariae in gerbils (Bosshardt et al., 1993) . More recently, tetracycline has been shown to inhibit embryogenesis in D. immitis . Treatment with tetracycline is known to be immunosuppressive in mammals, and inhibition of nematode development and reproduction in gerbils was regarded as an unexpected effect of this drug. The observed nematode attrition could thus result from direct effects of tetracycline on nematodes or could be a secondary effect of the action of the drug on Wolbachia.
Two studies have attempted to determine whether tetracycline treatment on experimental hosts infected by filariae had any effect on the wolbachiae harboured by these filariae. It has been shown that tetracycline treatment causes degeneration of Wolbachia and inhibition of Wolbachia transmission in three filarial species, B. pahangi, D. immitis and L. sigmodontis Hoerauf et al., 1999) . In agreement with the results of previous studies, inhibitory effects of tetracycline on the reproduction and development of these nematodes have been recorded. Hoerauf et al. (1999) have also confirmed that tetracycline treatment is ineffective against the Wolbachia-free filaria A. viteae. More recently, intermittent tetracycline treatments have been shown to lead to Wolbachia degeneration and to the death of adult O. ochengi worms in cattle (Langworthy et al., 2000) . There is thus an overall consistency of data supporting the possibility that the effects of tetracycline on filarial nematodes are mediated by some effects on their Wolbachia endosymbionts.
However, the interpretation of these data is not obvious. One simple interpretation is that the Wolbachia/nematode system is an obligate symbiosis. If A. viteae lost Wolbachia during laboratory maintenance or recent evolutionary history, this would cast doubt about whether the symbiosis is truly obligate. A second interpretation of the experimental data is that the effects observed on filarial reproduction result from CI (see discussion in Genchi et al., 1998, and while the effects on development and long-term survival of the worms derive from some interference with the mutualistic interactions between the nematode and Wolbachia. For example, embryo degeneration following tetracycline treatment could derive from the fusion of sperm produced before the start of the treatment and stored in the spermatheca (and thus modified by Wolbachia) with eggs produced after the start of treatment (and thus unable to rescue the modified sperm). If this is the case, continuing observations for a long period after the end of treatment might reveal resumption of embryogenesis due to generation of unmodified sperm. However, in humans harbouring O. volvulus, embryogenesis did not appear to resume even 4 months after the end of the treatment (Hoerauf et al., 2000a) . It is also possible that tetracycline could act directly on the nematode. Indeed, tetracycline is known to accumulate in the body of D. immitis (Tobie and Beye, 1960) . Whether this has a direct detrimental effect on the nematode is unknown, thus it would be interesting to test whether antibiotics different from tetracycline, but effective on Wolbachia, have any effect on filarial nematodes. A study using rifampicin seems to suggest that this is the case (Townson et al., 1999) . For the use of antibiotics which were ineffective against both Wolbachia and the filarial nematode L. sigmodontis, see Hoerauf et al. (2000b) .
The Wolbachia Catalase
The effectors of the mammalian host immune attack against filaria include reactive oxygen intermediates. Filarial nematodes express glutathione peroxidase, thioredoxin peroxidase and superoxide dismutase at their surface -enzymes believed to protect the nematode from this attack (Selkirk et al., 1998) . A bacterial catalase gene has been identified that most probably derives from the endosymbiont genome (Henkle-Duhrsen et al., 1998) ; this enzyme may contribute with other enzymes to the protection of both Wolbachia and its nematode host from oxygen radicals.
Genomics and Proteomics
Sequencing the genome of filarial Wolbachia would possibly allow identification of: (i) genes implicated in the biology of the Wolbachia-filaria symbiosis; (ii) prokaryotic targets for the control of filariases; and (iii) proteins implicated in the pathology of the diseases (see later) or useful in serological diagnosis.
Genome sequencing and genome comparative studies would provide a complementary approach for investigating the Wolbachia-filaria relationship (Kalman et al., 1999) . Identifying missing genes in the endosymbionts (or the host) will reveal whether the symbiont (or the host) relies metabolically upon the host cell (or upon the symbiont). In other obligate intracellular bacteria, genome sequencing has shown that the bacteria have discarded almost all of their biosynthetic machinery in favour of scavenging nutrients from the host Stephens et al., 1998) . For example, there are only two genes that can be implicated in amino acid biosynthesis in the genome of Rickettsia prowazekii . Finding genetic evidence for upregulated biosynthetic pathways in the endosymbiont genome would aid understanding of what Wolbachia provide for the host cell. It is well known, for example, that aphid bacterial endosymbionts provide the host insect with some essential amino acids: in this symbiotic system, evidence for overexpression of the relevant proteins has been obtained through molecular genetic studies . A further approach to finding evidence for overexpression of Wolbachia proteins would be 2D-electrophoresis-proteomics. In addition to metabolic genes, proteins of the endosymbiont cell wall are a focus of interest due to their potential role in nutrient uptake, waste excretion, interaction with the host cytoskeleton (particularly during mitosis), cell wall synthesis and extracellular activities.
An initiative to investigate the genome of B. malayi was established in 1994 (Blaxter et al., 1999) . A number of expressed sequence tags (ESTs) generated by the project appeared to derive from Wolbachia rather than the host genome. These ESTs are presumed to be Wolbachia-derived owing to their lack of similarity to other nematode (or eukaryotic) genes and high identity to genes from Rickettsia or other alpha proteobacteria (D. Guiliano and M.L. Blaxter, unpublished results). There may still be unidentified Wolbachia ESTs in the Filarial Genome Project dataset if the genes from which they derive are highly diverged or unique to Wolbachia of filaria. In addition, during the construction of a physical map of the B. malayi genome using bacterial artificial chromosomes (BAC), several BAC inserts appeared to derive from the endosymbiont chromosome (D. Guiliano, B. Slatko, J. Foster and M.L. Blaxter, unpublished results). These BACs have been end sequenced and also screened for hybridization to the presumed Wolbachia ESTs and other PCR-amplified Wolbachia genes (ftsZ, 16S rRNA, wsp). Contig analysis suggests that about 700 kb of the Wolbachia genome has been isolated in this first screen. Further contig analysis and chromosome walking from the current BACs is in progress. Of note is the discovery of a repetitive element in the B. malayi Wolbachia genome present in more than four copies and with sequence similarity to the IS200-like elements of an insect Wolbachia (Masui et al., 1999; D. Guiliano and M.L. Blaxter, unpublished results) .
It is expected that different Wolbachia genomes (from both arthropods and filarial nematodes) and genomes of other intracellular bacteria will be sequenced within the next few years (Pennisi, 1999) . Comparisons of Wolbachia genomes and those of other intracellular bacteria would also provide a more general understanding of the evolution of 'resident genomes' Kalman et al., 1999) . Finally, phylogenetics on the Wolbachia genes would allow investigation of whether host genes have been transferred into the symbiont genome.
Implications for the Pathogenesis of Filarial Diseases
Immunopathological phenomena play an important role in the pathology of filariases (such as blindness caused by O. volvulus and elephantiasis caused by W. bancrofti and B. malayi) (e.g. Ottesen, 1992; Cooper et al., 1997; Freedman, 1998) . Both nematode and Wolbachia antigens may be involved in disease pathogenesis. A major advantage of focusing research on Wolbachia antigens derives from the feasibility of identifying candidate immunomodulatory/proinflammatory/antigenic molecules from bacteria. The integration of proteomics, Western blotting and genomics could provide a straightforward approach to identifying candidate protein antigens and could allow rapid designing of primers for amplifying, cloning and expressing their genes. One productive strategy might be to target molecules that have already been shown in other bacteria to be antigenic or implicated in determining innate immune responses. Initial investigations in this area have revealed that cats infected with D. immitis generate a specific antibody response against the Wolbachia suface protein (Bazzocchi et al., 2000b) and that Wolbachia GroEl (HSP-60) might be implicated in the activation of inflammatory responses (Ford et al., 2000) . It is notable that the gene coding for GroEl had been identified previously from an O. volvulus expression library using human infection sera (A.C. Koszarski and M. Gallin, 1997; unpublished GenBank accession Y09416) .
Being a member of the proteobacteria, a group that encompasses the most typical Gram-negative bacteria, Wolbachia is expected to have lipopolysaccharide (LPS) in the outer envelope of the cell wall. Indeed, LPS (also known as endotoxin) has already been found in several members of the Rickettsiales (e.g. Amano and Williams, 1984) . LPS typically induces the release of TNF alpha and IL-1 from macrophages, and this promotes a sequela of phenomena involving cells of the immune system and endothelial cells (Parillo, 1990) . The outcomes can be both local and generalized, with dramatic consequences such as the septic shock syndrome. Does Wolbachia have LPS? LPS have not yet been purified from Wolbachia, but Taylor et al. (2000) have provided convincing evidence for the presence of LPS in crude extracts of B. malayi and for their role in the pathogenesis of lymphatic filariasis. Evidence has also been provided for the involvement of LPS in the pathogenesis and immunoregulation of human onchocerciasis (Brattig et al., 2000) .
Implications for Treatment
If Wolbachia is necessary to the host worm, the bacterium could become a target for the control of filariases. The prophylactic effect of tetracycline against filarial infection is particularly encouraging. In addition, tetracycline treatment inhibits the embryogenesis of filarial worms (see earlier). However, in view of the role of microfilariae in the pathogenesis of some filarial diseases (e.g. river blindness, caused by O. volvulus), treatments that reduce microfilaria production are worth testing in clinical trials, in particular when based on inexpensive drugs such as tetracycline. Indeed, a recent study has shown that tetracycline treatment results in long-term sterilization of O. volvulus females in humans (Hoerauf et al., 2000a) . It has also been shown that tetracycline can kill adult worms of O. ochengi, a close relative of O. volvulus (Langworthy et al., 2000) . It is notable that ivermectin, the drug currently used for controlling the microfilaraemia in O. volvulus, does not cause death or even sterilization of adult worms.
Treatments targeted toward the symbionts could also be used to reduce adverse reactions to chemotherapy, such as the systemic reaction which follows larvicidal treatment of dog and human patients with a high level of microfilariae, or adulticide heartworm treatment in dogs (e.g. Boreham and Atwell, 1983; Turner et al., 1994) . These side effects are thought to derive partially from the release of antigenic, inflammatory and toxic substances that follows worm damage and death. In addition to the recent evidence for the presence of LPS in the body of filarial worms, it is known that the injection of crude extracts of D. immitis triggers pathological effects which resemble those caused by LPS (Kitoh et al., 1994) . If endosymbiontderived substances are shown to play some role in pathogenesis, antibiotic treatment prior to administration of microfilaricidal or adulticide drugs could reduce the density of Wolbachia present and thereby reduce side effects.
Concluding Remarks
This chapter focuses on Wolbachia in filarial nematodes. EM studies have also revealed intracellular bacteria in other nematodes (e.g. Shepperd et al., 1973; Marti et al., 1995) and the bacterial endosymbionts of plant pathogenic nematodes belonging to the genus Xiphinema have recently been identified as belonging to the verrucomicrobia group (Vandekerckhove et al., 2000) . However, most nematode bacteria are still to be identified. These may also play important roles in nematode biology.
Notes Added in Proof

Implications for pathogenesis.
A recent study showed that the plasma levels of IL-6 and LPS-binding protein are associated with the severity of adverse reactions after diethylcarbamazine treatment of microfilaraemic patients (Haarbrink et al., 2000, Journal of Infectious Diseases 182, 564-569) . The authors discuss the possibility that Wolbachia LPS are involved in the side effects of therapy. 2. Implications for treatment. It has recently been shown that tetracycline inhibits the development of filarial nematodes from L3 to L4 in vitro (Smith and Rajan, 2000, Experimental Parasitology 95, 265-270) . However, chloramphenicol, erythromycin and ciprofloxacin failed to inhibit the L3-L4 moulting. The authors discuss the possibility that the effects of tetracycline on the nematode are direct (and not mediated by an effect on Wolbachia).
